Abstract. Ras mutations contribute to human cancer development. The present study assessed the Ras V12 mutation in hepatocellular carcinoma (HCC) cells and the role of its silencing in vitro and in nude mouse xenografts. HCC BEL7402 cells expressed mutations of V12 (Val/Gly) and wild-type H-Ras, whereas SMMC7721 cells only expressed wild-type H-Ras. The shRNA constructs specifically silenced mutated H-Ras expression in BEL7402 cells, but did not affect wild-type Ras expression in SMMC7721 cells. Silencing of mutated H-Ras expression reduced BEL7402 cell viability, induced apoptosis and arrested cells at the G0/G1 phase of the cell cycle. Expression of phospho-Akt was also significantly decreased, while several apoptotic proteins were also activated. Furthermore, sensitivity of stably H1-shRNA and H2-shRNA transfected BEL7402 cells to cisplatin treatment was increased by 7.19-and 5.39-fold, respectively, compared to that in the negative control cells, and apoptosis-related gene expression was also altered. Intraperitoneal administration of cisplatin led to a substantial reduction in HCC xenograft growth by 81 and 77% in the H1-shRNA and H2-shRNA transfected tumor xenografts, respectively, compared to a 37% reduction in mice bearing negative control tumor cells. These data demonstrate that knockdown of mutated H-Ras V12 expression induced chemosensitivity of HCC cells to cisplatin treatment in vitro and in vivo.
Introduction
Hepatocellular carcinoma (HCC) is a significant worldwide health issue, accounting for more than 740,000 new cases and 695,500 cancer-related deaths worldwide according to 2008 statistical data. Approximately 85% of HCC cases occur in developing countries, such as China, which alone accounts for 50% of the total cases. The reason is thought to be due to epidemic infection of hepatitis B or C virus (HBV or HCV). Prevention of HBV and HCV infection, reduced alcohol consumption, and implementation of policies to reduce aflatoxin contamination in the food supply could effectively reduce HCC incidence (1) . Clinically, HCC is a very aggressive disease and the survival rate of HCC patients is still low, even with advancements in early detection, treatment options and liver transplantation. Thus, the development and identification of novel strategies are urgently needed to effectively control HCC mobility and mortality.
Towards this end, our research objective was to target Ras oncoprotein. The Ras family of proteins belongs to a class of small GTPases and is involved in cellular signal transduction by switching on and off to regulate a wide variety of cellular processes, including growth, differentiation, apoptosis, cytoskeletal organization and membrane trafficking (2) (3) (4) . As a result, Ras mutations can lead to the production of permanently activated Ras oncoprotein, which occurs in ~30% of all human cancers (4, 5) . In HCC, a recent study showed that H-Ras mutation was present in 49/69 (71.01%) of HCC patient samples (6) . Overall, the mutated Ras protein leads to uncontrolled cell proliferation and resistance to apoptosis signals (4) (5) (6) . Thus far, Ras family members that have been reported to be mutated in different types of cancer include K-Ras in pancreatic, nonsmall cell lung and colorectal cancer and seminoma; N-Ras in melanoma, HCC, myelodysplastic syndrome and acute myelogenous leukemia; and H-Ras in follicular and undifferentiated papillary thyroid, bladder and renal cell cancer (7) . Recently, targeting of Ras oncoprotein or signaling using Ras siRNA or small molecules has been researched in both in vitro studies and in clinical trials (8, 9) . Published studies have shown some promising data (10) and other studies are still ongoing. For example, a current clinical trial is using refametinib to treat patients with unresectable or metastatic HCC carrying a RAS mutation (NCI protocol no. NCT01915589). To date, pharmacological strategies are mainly focused on post-translational modification of Ras oncoprotein, such as farnesyltransferase and geranylgeranyltransferase inhibitors, and antisense RNA (11) . As the Ras signaling pathway can be found in all cells, Ras inhibitors inevitably affect normal cells as well as tumor cells, and these non-specific approaches are therefore associated with more side-effects that cannot be ignored (1, 12) . Thus, in the present study, we used vectormediated expression of short hairpin RNAs (shRNAs) against a specific H-Ras mutation in a HCC cell line and then assessed the modulation of HCC cell chemosensitivity in vitro and in vivo using nude mouse xenografts.
Materials and methods
Cell lines, culture and reagents. Human liver cancer cell lines, BEL7402 and SMMC7721, were obtained from the American Type Culture Collection (Manassas, VA, uSA) and cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS). Cisplatin (DDP) was purchased from Sigma Chemical Co. (St. Louis, MO, uSA), and antibodies against Akt, p-Akt (Ser473), Erk1/2, p-Erk1/2 (Thr202/ Tyr204), Bcl-2, p53 upregulated modulator of apoptosis (Puma), polyADP-ribose polymerase (PARP) and caspase-3 were obtained from Cell Signaling Technology, Inc. (Beverly, MA, uSA).
RT-PCR and DNA sequencing for detection of the H-Ras mutation in HCC cell lines.
Total cellular RNA from cells was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA, uSA) and reversely transcribed into cDNA using a kit from Invitrogen, according to the manufacturer's instructions. The primers used for amplification of H-Ras m R NA (NM_001130442.1) were: 5'-GCGCCTGTGAACGGTGG-3' and 5'-TGGGCACGTCAT CCGAGTCC-3' to amplify a 397-bp PCR product. The PCR conditions were as following: an initial hot denaturation at 94˚C for 15 min and then 35 cycles of denaturing at 94˚C for 20 sec, annealing at 62˚C for 20 sec, extension at 72˚C for 30 sec and a final step at 72˚C for 10 min. To verify the amplification of the mutant sequences, PCR products were purified and subjected to direct sequencing.
Construction of the H-Ras shRNA vector and gene transfection.
To knock down H-Ras V12 expression in HCC cell lines, we first designed two siRNA constructs using the 'siRNA Target Finder' on the Ambion (Austin, TX, uSA) company website (schematically illustrated in Fig. 1C ). The oligonucleotides containing sense and antisense sequences were synthesized by Takara Biotechnology Co., Ltd. (Dalian, China). To construct the vector, 20 µM of each sense and antisense oligonucleotides were annealed in 10X buffer (100 mM Tris-HCl, pH 7.5, 1 M NaCl, 10 mM EDTA) and incubated at 68˚C for 1 h. The annealed DNA fragments were ligated into the pSilencer™ 4.1-CMV hygromycin vector. After amplification, the vectors were DNA sequenced, termed H1-shRNA and H2-shRNA, and used in our subsequent experiments.
Next, 2x10 5 HCC cells were plated in a 35-mm dish, grown for 24 h, and transfected with the H1-shRNA and H2-shRNA or negative control vector (Ambion). The transfected cells were selected under 0.8 mg/ml hygromycin B (BD Biosciences, San jose, CA, uSA) for 2 days and cloned by dilution and seeding into 96-well plates. Expanded cell clones were then characterized.
Cell viability assay. The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to assess changes in cell viability as previously described with some modifications (13) . Briefly, the negative control cells and H1-shRNA and H2-shRNA transfected cells were grown to 70-80% confluency, trypsinized, seeded at 5,000 cells/well into a 96-well plates, and then cultured for 7 days. MTT was added to the cells for the cell viability assay each day for 7 days. Furthermore, these cells also were treated with increasing concentrations of cisplatin (DDP) for an additional 24 h. After that, MTT was added to each well, and the cells were further incubated at 37˚C for 3 h to allow formation of the purple formazan precipitate, which was then solubilized in dimethylsulfoxide. The optical density (OD) at 570 nm was determined in a microtiter plate reader (Tecan, San jose, CA, uSA). Cell viability relative to control cells (100%) was determined. Experiments were repeated at least four times. The IC 50 values for the different groups were analyzed using SPSS software version 13.0 (SPSS Inc., Chicago, IL, uSA).
Flow cytometric detection of cell cycle distribution. Both the negative control and gene-transfected cells (1-2x10 6 ) were harvested, washed twice using phosphate-buffered saline (PBS) and resuspended in 200 µl PBS. The cells were fixed in 4 ml cold 75% ethanol at 4˚C for a minimum of 4 h, then washed twice in PBS and resuspended in 500 µl PBS. After that, the cells were stained by addition of 200 µl propidium iodide (50 µg/ml) along with 20 µl RNase (1 mg/ml) (both from Sigma-Aldrich, St. Louis, MO, USA) in a 37˚C water bath for 20 min. Cell cycle distribution was determined by fluorescence-activated cell sorting (FACS) and analyzed using CellQuest software (BD Biosciences).
Flow cytometric detection of apoptosis.
Both the negative control and H1-siRNA and H2-siRNA transfected cells were grown to 70-80% confluency and then exposed to 5 µg/ml Hoechst 33342, 250 nM MitoTracker Red, and 1 µM YO-PRO-1 in Hanks balanced salt solution supplemented with 10% FCS for 20 min at room temperature. The membrane of apoptotic cells but not live cells was permeated by the YO-PRO-1. Hoechst 33342 is a specific stain for double-stranded DNA, whereas MitoTracker Red is concentrated by active mitochondria in living cells. Fluorescence of stained cells was then detected using a fluorescence microscope (Olympus, japan). The proportion of apoptotic cells (apoptotic ratio, AR) was calculated using the formula: AR = A/T, where A is the number of apoptotic cells [YO-PRO-1-positive (green) and Hoechst 33342-positive (blue) but MitoTracker Red-negative (red)] and T is the total cell (Hoechst-positive) count. up to 20 images of each sample were acquired and analyzed in two different experiments as described in a previous study (14) .
Protein extraction and western blotting. Cells were lysed in buffer A (10 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 10 mM sodium pyrophosphate, 10% glycerol, 0.1% Na 3 VO 4 and 50 mM NaF, pH 7.4) followed by centrifugation at 10,000 x g for 10 min at 4˚C to remove cell debris. Lysates were then assayed for total protein using the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA). Lysates were boiled at 95˚C for 15 min in solution containing 100 mM DTT, then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Darmstadt, Germany). For western blotting, the membranes were blocked for 1 h in PBS-Tween-20/5% skim milk or bovine serum albumin (BSA) and then incubated overnight at 4˚C with the corresponding primary antibodies. After three washes in PBS-Tween-20, the blots were incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h and washed three times with PBS-Tween-20. Protein bands were visualized using an enhanced chemiluminescence (ECL) reagent (Pierce) and exposed to an X-OMAT film (Kodak, Rochester, NY, uSA).
Murine tumor allograft assay. All experiments conformed to the Animal Care and use Guidelines of the Institute for Nutritional Sciences (Shanghai, China). Briefly, 4-to 6-week old female BALB/c athymic nude mice were obtained from Shanghai Experimental Animal Center (Shanghai, China) and subcutaneously injected with a suspension containing 5x10 6 negative control and H1-siRNA and H2-siRNA transfected cells. One week after cell implantation, DDP (4 mg/kg) was injected intraperitoneally into the tumor-bearing mice every 4 days for 3 weeks (between days 8 and 31). General clinical observations of the mice, including determination of body weight and tumor growth, were conducted twice a week. We measured two perpendicular diameters of the xenograft using calipers to determine tumor size. Tumor mass was estimated using the formula: (axb 2 )/2, where 'a' is the longest diameter and 'b' is the shortest diameter as described in previous studies (15, 16) . All mice were euthanized by CO 2 asphyxiation 2 weeks after the last injection, and the tumor xenografts were removed and processed for evaluation.
Statistical analysis and data reproducibility. All of the experiments were repeated at least three times. Results are presented as means ± standard deviations (SDs). Statistical evaluation was performed, where appropriate, using the Student's t-test or analysis of variance (ANOVA) followed by correction with Bonferroni's t-test. A p-value ≤0.05 was considered to indicate a statistically significant result, and all analyses were carried out using SPSS software version 13.0.
Results

Knockdown of mutant H-Ras expression using shRNA in HCC cell lines.
In the present study, we first assessed the H-Ras V12 mutation in a HCC cell line and found that BEL7402 cells had a mutation of V12 (Val/Gly) and wild-type H-Ras, whereas SMMC7721 cells expressed only wild-type H-Ras (Fig. 1) . Thus, we utilized BEL7402 cells in further experiments to assess the effect of the H-Ras V12 mutant knockdown on the regulation of HCC cell viability and apoptosis in vitro as well as HCC cell xenograft tumor formation and growth in nude mice.
We then stably knocked down H-Ras expression in BEL7402 cells, and as shown in Fig. 2 , the two shRNA constructs specifically silenced H-Ras expression in the BEL7402 cells, but did not affect wild-type Ras expression in the SMMC7721 cells.
Knockdown of mutant H-Ras expression reduces HCC cell viability and arrests cells at the G0/G1
phase of the cell cycle. Next, we assessed the change in cell viability in BEL7402 cells after knockdown of mutant H-Ras expression. Introduction of H1-shRNA and H2-shRNA into BEL7402 cells led to a significant reduction in cell viability compared to that in the parental and negative control cells (Fig. 3A) . Starting on the 3rd day, the reduction became much more obvious (p<0.01). These results suggest that knockdown of H-Ras mutant protein expression had significant specificity and that the H-Ras V12 mutant played an important role in BEL7402 cell growth.
Furthermore, we also assessed the change in cell cycle distribution in these cells and found that the percentages of BEL7402 cells in the G0/G1 phase of the cell cycle after transfection with H1-shRNA and H2-shRNA (46.2 and 47.8%, respectively) were higher compared to 32.7% in the negative control cells (p<0.01; Fig. 3B ). This induction was associated with a decrease in the percentages of cells in the S and G2/M phases of the cell cycle.
In addition, we also analyzed the changes in expression of H-RAs-related genes (Fig. 3C) . For example, expression of phospho-Akt was significantly decreased in the BEL7402 cells after they were stably transfected with H1-shRNA and H2-shRNA compared to the negative control cells. However, there was only a mild decrease in phospho-Erk expression in these cells. These data demonstrated that H-Ras V12 knockdown retarded cell proliferation by keeping the cells in the G0/G1 phase through decreasing phosphorylation of Akt and Erk proteins.
Knockdown of mutant H-Ras expression induces BEL7402
cell apoptosis. Next, we assessed the effects of H1-shRNA and H2-shRNA-induced H-Ras V12 knockdown on the regulation of HCC cell apoptosis and expression of apoptotic pathway genes. The data showed that more BEL7402 cells transfected with H1-shRNA or H2-shRNA underwent apoptosis compared to the negative control cells (Fig. 4A) . The proportion of apoptotic BEL7402 cells was 24 and 28% in the H1-siRNA and H2-siRNA transfected cells, respectively, compared to 4% in the control cells.
Western blot data showed that H-Ras V12 silencing in BEL7402 cells led to the activation of several apoptotic proteins (e.g., caspase-3 and its substrate, PARP; Fig. 4B ) and a dramatic reduction in Bcl-2 levels. Although expression of the pro-apoptotic protein Bax showed no obvious change, the ratio of Bax/Bcl-2 was elevated. Collectively, these data suggest that H-Ras V12 knockdown in BEL7402 cells could induce cancer cell death through downregulation of Bcl-2 expression.
H-Ras V12 knockdown increases the chemosensitivity of HCC cells in vitro and in vivo.
Furthermore, we explored the increasing chemosensitivity of HCC cells after H-Ras V12 silencing in vitro and in vivo using nude mouse xenografts. As shown in Fig. 5A , DDP treatment caused a significant retardation in BEL7402 cell growth after transfection with H1-shRNA or H2-shRNA and resulted in IC 50 values of 0.51 and 0.68 µM, respectively. The sensitivity toward DDP increased by 7.19-and 5.39-fold in the H1-shRNA and H2-shRNA transfected cells, respectively, compared to the negative control cells. The results of a flow cytometric apoptotic assay showed significantly increased tumor apoptosis after DDP treatment in the H-Ras V12-silenced cells compared to the negative control cells. These data suggest that suppression of H-Ras mutant oncoprotein could enhance the sensitivity of HCC cells to DDP therapy. Western blot data showed that a 24-h DDP treatment led to increased cleavage of caspase-3 and PARP in BEL7402 cells in the H-Ras V12-silenced HCC cells in a concentration-dependent manner (Fig. 5C) . However, at any given concentration, DDP exposure resulted in significantly increased levels of proteolytic cleavage of caspase-3 and PARP in cells with H-Ras V12 knockdown compared to the negative control BEL7402 cells. These results indicate that the H-Ras V12-silenced cells were more susceptible to DDP treatment. At the gene level, Bcl-2 and Bax were not significantly altered in any group with increased DDP concentration, whereas expression of Puma protein was increased significantly in a dose-dependent manner. In addition, we assessed the effects of increasing chemosensitivity of HCC cells after H-Ras V12 silencing in in vivo nude mouse xenografts. As shown The proportion of apoptotic cells (apoptotic incidence) was detected using YO-PRO-1 staining. (C) Western blot analysis of apoptotic pathway-related genes (Bax, Bcl-2, PARP, caspase-3 and Puma) after cells were exposed to DDP treatment. β-actin was used as a loading control. and H2-shRNA transfected tumor xenografts, respectively, compared to a 37% reduction in mice bearing negative control tumor cells (p<0.01; Fig. 6B and C) .
Discussion
The human Ras family of proteins consists of three members (H-, N-and K-Ras), and mutation of these can transform normal cells into neoplasms (17, 18) . The most commonly reported activating Ras mutations occur at codons 12, 13 and 61. In human HCC, Ras point mutations have been frequently observed in N-Ras, with an incidence of ~30%, whereas H-Ras mutations are found in 29.3-71.01% of HCC cases (6, 19, 20) . In the present study, we first assessed the mutation of H-Ras in HCC cell lines and determined the effects of H-Ras V12 knockdown on the regulation of HCC cell viability, apoptosis and gene expression in vitro and in nude mouse xenografts. We found that the H-Ras mutation occurred at codon 12 in BEL7402 cells with a change from GGC(Gly) to GTT(Val). BEL7402 cells also expressed wild-type H-Ras, which provided an ideal model system to investigate the effects of knockdown of mutated H-Ras V12 expression with maintenance of normal functions of wild-type H-Ras in the cells. Indeed, our current data showed that knockdown of mutated H-Ras expression reduced BEL7402 cell viability and induced apoptosis by arresting the cells at the G0/G1 phase of cell cycle. At the gene level, expression of phospho-Akt was also significantly decreased, whereas phospho-Erk expression was mildly decreased in stably H1-shRNA and H2-shRNA transfected BEL7402 cells. Moreover, several apoptotic proteins (e.g., caspase-3 and its substrate, PARP) were also activated, and the ratio of Bax/Bcl-2 was increased. In addition, the sensitivity of H1-shRNA and H2-shRNA transfected BEL7402 cells to DDT treatment was increased by 7.19-and 5.39-fold, respectively, compared to the negative control cells. Intraperitoneal administration of cisplatin resulted in a substantial reduction in tumor xenograft growth. Thus, the data from the present study demonstrated that knockdown of mutated H-Ras V12 expression induced chemosensitivity of HCC cells to cisplatin treatment in vitro and in nude mouse xenografts. Future studies will evaluate the clinical effects of H1-shRNA and H2-shRNA transfection.
One major problem in the design of a sequence-specific anti-Ras therapy is that wild-type and mutant Ras differ only by a single codon. The shRNA interference technique is characterized by extraordinary sequence specificity and may provide a useful tool for cancer therapy against mutant Ras. Indeed, the use of shRNA in cancer treatment has been reported extensively. For example, Yang et al showed that tumor transformation and growth were decreased after knockdown of H-Ras V12 expression using a retrovirus-mediated shRNA in human ovarian cancer (12) . Fleming et al used a retroviral RNAi to inhibit expression of mutated K-Ras V12, while leaving other Ras isoforms unaffected (21) . The present study showed that H1-shRNA and H2-shRNA were able to specifically target mutated H-Ras V12 expression, but not affect wild-type H-Ras expression in SMMC7721 cells.
In the present study, we also showed changes in cell cycle distribution, apoptosis and gene expression in HCC cells after knockdown of H-Ras V12 expression. The Ras function is dependent on the cycle (switch) between active (GTP-bound) and inactive (GDP-bound) forms of Ras protein, whereas active mutant Ras protein is usually locked in the active state and thus, delivers uncontrolled cell proliferative signals. Activated Ras protein stimulates downstream effectors, such as the Raf-MEK-MAPK and PI3K-Akt pathways (22) . For example, activation of the p44/42 MAPK (Erk1/2) leads to stimulation of several transcription regulators and key cell cycle regulatory proteins, such as D-type cyclins, and in turn enables the cells to progress through the G1 phase of the cell cycle (23, 24) . Akt is involved in cell cycle regulation by preventing GSK-3β-mediated phosphorylation and degradation of cyclin D1 (18) , and by negatively regulating the cyclin-dependent kinase inhibitors p27
Kip (20) and p21 Waf1/CIP1 (25, 26) . Thus, in the present study, we observed that phosphorylation of Akt and Erk was decreased dramatically in BEL7402 cells after transfection with H-Ras V12 shRNA, which contributed to cell cycle arrest at the G0/G1 phase. Furthermore, we also found that H-Ras V12 knockdown in BEL7402 cells caused cleavage of caspase-3 and PARP, which was accompanied by a reduction in Bcl-2 levels and elevation of the ratio of Bax/Bcl-2 for induction of HCC cell apoptosis. Indeed, Pugazhenthi et al showed that PI3K and Akt phosphorylation led to an increase in CREB-driven Bcl-2 promoter activity and thus downregulated Bcl-2 expression (27) . Therefore, reduction in Bcl-2 expression could be attributed to its transcriptional inhibition controlled by the downregulation of the Akt-CREB pathway in cells with H-Ras V12 knockdown.
The diverse consequences of specific knockdown of mutant Ras, such as tumor growth, angiogenesis, metabolism and metastasis, have been demonstrated in several studies (12, 21, 28) . However, induction of chemosensitivity and the corresponding molecular mechanisms after knockdown of mutant Ras have not been explored. In the present study, we assessed changes in chemosensitivity of BEL7402 cells after knockdown of mutated H-Ras V12 expression to cisplatin treatment (a widely used chemotherapeutic drug for cancer patients). We found that compared to the negative control vector-transfected HCC cells, cisplatin treatment reduced cell viability and the IC 50 values in the H-Ras V12-knockdown HCC cells, yet induced apoptosis in HCC cells in vitro and tumor growth in the athymic xenograft mouse model. These data revealed that the increased sensitivity to cytotoxic drugs is attributed to disruption of the balance between anti-apoptotic Bcl-2 and pro-apoptotic Bax after knockdown of mutant H-Ras V12 expression. This finding is novel, and to date, no similar studies have been reported. At the gene level, we found that activation of caspase-3 and PARP enzymes occurred in a cisplatin dose-dependent manner, although there was no alteration of Bcl-2 and Bax expression. These data suggest that the cytotoxicity of cisplatin in vivo may have other modulating mechanisms. Indeed, the present data showed that cisplatin treatment significantly increased the level of p53 upregulated modulator of apoptosis (Puma) protein in a dose-dependent manner. Puma was identified as a novel BH3-only protein (29) and plays a critical role in the regulation of p53 activity in the p53 tumor suppressor pathway (30, 31) . Functionally, expression of Puma-α can be induced by p53 protein, and then Puma-α binds to Bcl-2 and Bcl-xL, both of which are localized in the mitochondria, and in turn promotes cyctochrome c release and apoptosis (32) . jiang et al demonstrated that Puma-α is upregulated and bound to Bcl-xL in p53-mediated renal cell apoptosis during cisplatin-induced nephrotoxicity (30) . Tsuruya et al also showed that Puma-α plays an essential role in p53 activation-mediated, cisplatin-induced renal tubular cell death (33) . These studies suggest that Puma-α could be transcribed by p53 during cisplatin treatment.
In summary, our present data demonstrated that our specifically designed H-Ras V12 shRNAs were able to knock down expression of mutated H-Ras V12, but not expression of wild-type H-Ras, and that knockdown of mutated H-Ras V12 expression promoted chemosensitivity of HCC cells to cisplatin treatment in vitro and in vivo. Mechanistically, the effect involved a reduction in the Bcl-2 level, whereas cisplatin treatment increased Puma-α expression. Further studies will assess the potential translation of our current findings into clinical trials.
